The study of the gravitational redshift -a relative wavelength increase of ≈ 2 × 10 −6 was predicted for solar radiation by Einstein in 1908 -is still an important subject in modern physics.
I. INTRODUCTION
The study of the gravitational redshift, a relative wavelength increase of ∆λ/λ ≈ 2×10 
where c 0 = 299 792 458 m s −1 is the speed of light in the vacuum 6 remote from any masses.
This shift is consistent with Einstein's General Theory of Relativity (GTR) 18 . Together with various other aspects of GTR-from the deflection of light by a gravitational centre 13, 16, 18, 42, 56 to Mercury's perihelion precession 17, 46, 64, 66 , the current attempts to measure the Lense- Thirring effect 38 on the planets' motions caused by the solar rotation 28, 29 , and the Shapiro delay 32,54,55 -the gravitational redshift is one of the experimental tests of GTR 66 .
Atom interferometry experiments can be used to measure the acceleration of free fall, see, for instance, Müller et al. 44 , Peters et al. 49 . The same research team has in the meantime argued that atom interferometry can also perform gravitational redshift measurements at the Compton frequency. This claim was criticized as incorrect by Wolf et al. 68 leading to a response in support of the original result 45 . This controversy has continued until recently 25-27,69,70 .
II. IS THERE A PHYSICAL PROCESS CAUSING THE REDSHIFT?
One aspect of the dispute between Müller et al. 44 and Wolf et al. 68 is particularly disturbing and will be analysed here in some detail: Even after the prediction of the gravitational ? "We first note that no experiment is sensitive to the absolute potential U. When two similar clocks at rest in the laboratory frame are compared in a classical red-shift test, their frequency difference ∆ν/ν = ∆U/c 2 is given by ∆U = g h + O(h 2 ), where g = ∇U is the gravitational acceleration in the laboratory frame, h is the clock's separation, c is the velocity of light, and O(h 2 ) indicates terms of order h 2 and higher. Therefore, classical red-shift tests are sensitive to g, not to the absolute value of U, just like interferometry red-shift tests."
The potential at a distance r from a gravitational centre with mass M is constraint in the weak-field approximation for non-relativistic cases 35 by
where G N is Newton's constant of gravity. The authors of Ref. 68 could refer to many publications in their support 15, 37, 48, 53, 57, 65 . However, it would be required to define explicitly a reference potential U 0 . A definition in line with Eq. (2) would give U 0 = 0 for r = ∞. 
Experiments on Earth
where ν 0 is the frequency of a certain transition at U 0 and ν ′ the observed frequency there, if the emission caused by the same transition had occurred at a potential U. 45 have tried, however, to explore physical processes that cause the shift; yet both attempts are problematic in view of the fact that the gravitational force acting on the electron in transition is extremely small relative to the internal forces.
This can easily be verified by a comparison of the weak solar gravitational force K ⊙ G acting on the electron in a hydrogen atom in the photosphere of the Sun with the electrostatic force K E : 
Leventhal et al. 39 and Bowers 4 discuss whether a spectral feature at ≈ 400 keV observed in the Crab Nebula might be the gravitationally redshifted 511 keV electron-positron annihilation line from the surface of the pulsar. Ramaty 52 concluded that the relatively narrow widths of annihilation lines from gamma-ray bursts indicates emitting material close to the surface of a neutron star.
A gravitational redshift from galaxies in clusters has also been reported 67 .
III. TOWARDS A SOLUTION A. Emission of spectral lines
The ratios obtained in Eqs. (4) and (5) (A beam of light that induces a molecule to absorb or deliver the energy h ν as radiation by an elementary process (irradiation) will always transfer the momentum h ν c to the molecule, directed in the propagation direction of the beam for energy absorption, and in the opposite direction for energy emission.)
,,Aber im allgemeinen begnügt man sich mit der Betrachtung des E n e r g i eAustausches, ohne den I m p u l s-Austausch zu berücksichtigen." (However, in general one is satisfied with the consideration of the e n e r g y exchange, without taking the m o m e n t u m exchange into account.) Let us first assume an atom A with mass m in the ground state located at the gravitational potential U 0 = 0 and, therefore, with an energy of E 0 = m c 2 0 . With an energy difference ∆E 0 from the ground state to the excited atom A * , the mass in this state is 14, 36, 37 :
The masses M, m, and ∆m constituting the total system considered here are assumed to comply with the inequality M ≫ m ≫ ∆m, so that higher orders can be neglected in some of the equations. The "rest energy" with respect to the centre of gravity of M and m of the ground state at U will then be 47 :
The definition of the rest energy in this context calls for some further explanations. If a particle with mass m is lowered from U 0 = 0 to U, the potential energy will be converted, for instance, into kinetic energy of the particle, E kin = −U m. The total energy of the particle at U will thus be E 0 + E kin . Provided the kinetic energy is subsequently absorbed as thermal energy at U, the remaining energy E 0 of the particle-at rest with respect to the centre of gravity-is obviously different from the rest energy in Eq. (8). The energy E 0 will, however, not be available for any photon emission at U, because a lifting of the mass m to U 0 would require the potential energy U m, whereas a photon would not change its energy during the transit from U to U 0 , and could then be converted to mass there. This accounts for the difference between E 0 and the rest energy.
As will be shown later, see, e.g., Eq. (27), momentum considerations also lead to the requirement that only the rest energy of Eq. (8) can be emitted as photon.
We now consider the rest energy E * of the excited atom A * at U and find
where the remarks above apply as well. In view of these energy equations, the transition of A * to the ground state at U can provide an energy of
which is in principle available for the photon emission. Whether the emitted photon has the expected energy and frequency, can be determined by observations; and the gravitational redshift measurements mentioned in Sect. II confirm indeed the right energy
where ν ′ is measured with respect to the world time.
Nevertheless, the question remains how the atom can sense the potential U at the emission site and react accordingly. We will argue that-in line with Einstein's remarks quotedthe momentum exchange must be taken into account, in addition to the interaction of the radiation energy with the potential energy of the emitting system. In preparation for this task, we list some relevant relations.
The momentum of a photon emitted at U 0 with frequency ν 0 is
where ∆E 0 = h ν 0 is its energy 19 . At U < 0, the energy of the photon can be written as
This speed is in agreement with an evaluation by Schiff for radial propagation in a central gravitational field 53 . A decrease of the speed of light near the Sun of this amount is not only supported by the predicted and subsequently observed Shapiro delay 32,55 , but also indirectly by the deflection of light 13, 18 .
The problem can then be illustrated by different scenarios for the emission process:
(a) Under the assumption that the atom can somehow locally sense the gravitational potential U, but not the speed c, the energy given by Eq. (10) would lead to a momentum
of the photon after the emission. We could then estimate its energy by applying Eqs. (13) and (14) p c ≈ ∆E 0 + U ∆m c 0 c 0 1 + 2 U c 2 0 (b) If the atom can, however, sense the local speed of light c, but not the potential U, the photon emission energy will be ∆E 0 , which is also in conflict with Eq. (10).
(c) If the atom can sense both the speed of light c and the potential U, it then has to reduce the photon emission energy by a factor of (1 + U/c 2 0 ) and, at the same time, increase the photon momentum by a factor of (1 − U/c 2 0 ). Although this scenario is formally correct, it involves very unlikely processes.
(d) If Einstein's assumption that only intra-atomic processes are of importance is valid, this is equivalent to the statement that the atom can sense neither U nor c. The internal transition of A * to the ground state of atom A then proceeds in the same way at U 0 and U; in both cases, accompanied by an energy release of ∆E 0 and a momentum of ∆E 0 /c 0 . The adjustment of the energy and momentum transfers to the rest system of the centre of gravity will be achieved during the actual photon emission at the speed c, as will be detailed below.
The intra-atomic processes are indicated in rows 2 to 4 of Table 1 . Starting from an excited atom A * at U, the transition energy and momentum are given according to Eqs. (7) and (12) . We argue that only the propagation speed c of photons in the environment of the emission location provides the necessary information for the energy and momentum adjustments in line with the corresponding conservation laws.
The sequence of events will be modelled according to an explanation of the Doppler effect based on energy and momentum conservations by Fermi 20 , which has some resemblance to the Compton effect 9 . Fermi discussed the interaction of the liberated energy during an atomic transition with the kinetic energy of the emitter and its momentum in a nonrelativistic approximation.
In our case, the interactions of the potential energy and momentum during the emission of a photon can be formulated by the introduction of an arbitrary differential momentum vector x parallel to p 0 , which has to be determined by solving the momentum and energy equations of the atom-photon system in rows 6 and 7 of Table 1 . Row 6 is clearly consistent with momentum conservation and row 7 leads to
for the energy relationship. The kinetic energy E kin , the recoil energy, can be neglected, because it is already very small with our assumption m >> ∆m, but has been further reduced in the Pound-Rebka-experiment 50 with the help of the Mößbauer effect 43 . From
Eq. (17), it follows with Eq. (14)
where p 0 = ||p 0 || and x = ||x||. The evaluation yields in our approximation
Hence, we get for the momentum of the photon
The result is that p will be larger than p 0 . This can be understood by considering that the energy transfer of ||x|| c 0 in Eq. (17) (21) at U, where −U ∆m is the potential energy at U 0 relative to U converted, for instance, into kinetic energy of the atom. Assuming it is brought to a halt by constraining forces, an energy ∆E ′ = ∆E 0 = ∆m c 2 0 remains. As we have seen, it cannot directly be converted into energy, because of momentum considerations, but
can be emitted and can propagate to U 0 . The conversion of ∆m into energy entails a loss of the potential energy gain of −U ∆m mentioned above. It will be replenished by the energy transfer x c 0 . The energy budget after the photon emission then is ∆m c 2 0 + U ∆m at U 0 plus −2 U ∆m at U giving a total of ∆m c In a formal way, we can also compare E * of Eq. (9) with
the rest energy of the ground state at a different potential U 1 = U + δU at a position close to that of the potential U. If U 1 is chosen such that
subtraction of Eq. (23) from Eq. (9) gives
which suggests that the energy ∆E 0 would be available assuming a more or less instantaneous shift of the atom from U to U 1 . This is, however, not possible. The selection of U 1 in Eq. (24), nevertheless, leads to the interesting relation
which shows that the energy difference will be determined by the gravitational potential, if a mass variation ∆m is involved. On the other hand, the potential difference δU is of importance, if the emitter with mass m changes its position. In this sense, both statements 45, 68 cited above contain some truth. It would, however, be required to formulate the corresponding premises in great detail.
C. Pair annihilation
We first formulate the rest energy of both particles involved-here an electron and a positron-at the gravitational potential U as
with rest energies of E ± 0 = m e c 2 0 at U 0 = 0. We will neglect any transitions from its excited states and assume a final state that eventually disintegrates into two γ-ray photons of equal energy E, but in opposite directions 58 . In a formal way, in analogy to Sect. III A, each photon can only get half the energy given by Eq. (27) in the rest system of the centre of gravity.
As for the photon emission of an atomic particle, the question arises which parameter controls this emission energy. The answer again is that the speed of light c at U is the decisive factor. In Table 2 are summarized the momentum and energy terms-written under the assumption that the initial annihilation is not dependent on the gravitational potential U, but the emission process of the photons is affected by the speed of light in accordance with the results in Sect. III A. The momentum conservation follows from the symmetry of the emissions. The energy equations for each of the photons in line with energy conservation can be written as
where P 0 = || ± P 0 ||, X = || ± X||, and ±X are arbitrary differential momentum vectors parallel to ±P 0 , which have to be determined by solving Eq. (28) related to row 8 of Table 2 .
With Eq. (14) it follows
and
Notice, in this case, that the energy 2 X c 0 = −2 P 0 U/c 0 corresponds to the potential energy −2 U m e of the electron and positron at U 0 with respect to U.
The same arguments as those for spectral lines in Sect. III A then result in a relative gravitational redshift consistent with Eq. (3).
IV. CONCLUSION
In summary, it can be concluded that the internal processes of an atom or ion during transitions between different energy states will not be significantly influenced by a moderate gravitational field, but the conversion of the liberated energy into a photon will be affected by the local gravitational potential via the speed of light and gives the observed redshift.
Matter-antimatter pair annihilation leads to the same relative redshift, albeit with a slightly different interaction process in the near-field radiation region.
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